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Abstract Multiphoton entanglement, as a quantum resource, plays an essential role in linear
optical quantum information processing. Krenn et al. (PRL 118, 080401 (2017)) proposed
an innovative scheme that generating entanglement by path identity, in which two-photon
interference (called Hong-Ou-Mandel effect) is not necessary in experiment. However, the
experiments in this scheme have strict requirements in stability and scalability, which is
difficult to be realized in bulk optics. To solve this problem, in this paper we first pro-
pose an on-chip scheme to generate multi-photon polarization entangled states, including
Greenberger-Horne-Zeilinger (GHZ) states and W states. Moreover, we also present a class
of generalized graphs for W state (odd-number-photon) by path identity in theory. The on-
chip scheme can be implemented in existing integrated optical technology which is mean-
ingful for multi-party entanglement distribution in quantum communication networks.
Keywords Multiphoton entanglement · On-chip · Greenberger-Horne-Zeilinger states ·W
states
1 Introduction
Quantum entanglement, a kind of quantum correlation, plays an essential role in quantum
information and quantum fundamental physics. The last few decades, quantum entangle-
ment has been realized in various quantum systems such as superconducting qubits [1], ion
traps [2] and photons [3,4]. Photons are often used to carry quantum information in quan-
tum communication [5,6,7,8,9], quantum metrology [10], quantum simulation [11,12,13]
and quantum computing [14,15,16,17] because of some excellent properties such as long
coherence time, fast flying speed and multiple degrees of freedom (including polarization,
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spatial mode, frequency, and so on). It is an important task in optical quantum informa-
tion processing to generate and manipulate multiphoton states. So far, the entanglement of
eight-photon [18], ten-photon [19] and twelve-photon [20] has been experimentally realized
by spontaneous parametric down-conversion of BBO crystals [21] in bulk optics. In 2018,
Adcock et al. realized four-photon path-encoded graph state based on photonic chips [22].
These schemes [18,19,20,21,22] of generating multiphoton entangled states are based on
conventional probabilistic post-selection.
In 2017, Krenn et al. [23] proposed a novel scheme that generating entanglement by
path identity. In this scheme, two-photon interference is replaced by coherently pumping
two independent nonlinear crystal, in which the path of photons in different quantum states
are overlapping [24]. In addition, the scheme [23] is more flexible and robust than tradi-
tional methods [18,19,20,21,22] to generate various multiphoton entangled states, such as
Greenberger-Horne-Zeilinger (GHZ) states [25], W states [26] and high dimensional quan-
tum states [17]. In fact, the existing techniques for generating two-photon entangled states
belong to this kind of scheme that generating entanglement by path identity, such as two-
layered I-type BBO down-conversion [27] and Beam-like sandwich-structure BBO down-
conversion [28]. Recently, more relevant theoretical researches [29,30,31,32] are developed
and experiments on bulk optics [33] are also carried out.
The phase stability of quantum states will decrease with the increase of the complexity
of optical setup, which leads to the de-coherence of quantum states. Therefore, the experi-
mental setup with complex optical paths is difficult to implement in bulk optics. Compared
to bulk optics, the optical paths of integrated optics are inherently stable. In this paper,we
first propose an universal on-chip scheme to generate GHZ states and W states. Our on-chip
scheme overcomes the drawbacks of bulk optics and is scalable. Besides, we also present a
class of generalized graphs for W states (odd number) by path identity.
The rest of this paper is organized as follows. In Sect. 2, we present some basic knowl-
edge of core components of chip in detail. In Sect. 3, multiphoton entangled state by path
identify is shown. First, we show how to generate GHZ states by path identity on chip. Sec-
ond, we propose a class of generalized graphs for odd-number W states. We also give an
on-chip design of three-photon W states. Finally, we present the conclusions in Sect. 4.
2 Preliminary
In this section, we briefly introduce the core components of chip (See Fig. 1(a) and (b)):
two-photon source and two dimensional (2D) grating. The two-photon source has been im-
plemented on various photonic chips [34,35,36].
In Fig. 1(a), a pump laser with two different wavelengths injects into silicon waveguide.
Four-wave mixing effect occurs in two micro-ring resonators (or nanowires) to generate
two photons with same frequency. When the micro-ring on upper path produces a pair of
photons, the state is denoted as |2,0〉. Otherwise, the state is denoted as |0,2〉. Therefore,
separating two photons can be realized by reversed Hong-Ou-Mandel (RHOM) effect, and
this process can be expressed as
1√
2
(|2,0〉− ei∆ϕ |0,2〉) RHOM−−−−→ sin(∆ϕ
2
)|1,1〉+ cos(∆ϕ
2
)(|2,0〉− |0,2〉), (1)
where relative phase ∆ϕ can be adjusted by the electric phase shifter (Heater).
Two-dimensional grating, as a fiber-chip coupling device, can convert degrees of free-
dom (DoF) of photon between path and polarization [37,38]. The principle of 2D grating
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Fig. 1: (Color Online) On-chip scheme for generating multiphoton polarization entangled
state by path identity. (a) Mechanism of two-photon generation. (b) Two-dimensional
grating coupler. (c) Two-photon entangled state. (d) Four-photon GHZ state. (e) N-photon
GHZ state.
is shown in Fig. 1(b). When photons pass upper path, it exits with horizontal polarization,
denoted as |H〉 which is equal to |0〉. Otherwise, it exits with vertical polarization, denoted
as |V 〉 which is equal to |1〉. After going through 2D grating, the path DoF of photons is
converted to polarization DoF.
In the following, combining 2D grating, two-photon source and optical waveguide, we
propose a universal on-chip scheme to generate multi-photon polarization entangled state
by path identity.
3 Multiphoton entangled state by path identify
In this section, we give a universal scheme for GHZ state and W state respectively. Firstly,
a on-chip scheme for multiphoton GHZ state is presented. Secondly, we first propose a
class of generalized graphs for odd-number W state by path identity. Besides, an on-chip
implementation for three-photon W state is given.
3.1 Multi-photon GHZ state by path identity
As we all known, GHZ state are often used to exhibit sharp contradiction between classical
physics and quantum physics [25]. Recently, it is proved that GHZ state can be as units
to construct cluster states in universal quantum computing [39] and also can be utilized in
open-destination teleportation [40]. Here, we put forward an on-chip scheme to generate
multiphoton GHZ state by path identity.
Fig. 1(c) is a chip scheme corresponding to Bell states. Source 1 produces a pair of
identical photons simultaneously arriving to the upper path of two 2D gratings (the bent
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waveguide compensating the optical path difference of the two paths), and the photons re-
spectively exit from port a and port b to prepare two-photon states |HH〉. Similarly for
source 2, a pair of identical photons simultaneously arriving to lower path of 2D gratings,
and the photons respectively exit from port a and port b to prepare two-photon states |VV 〉.
So far, the path information of photons has been converted to polarization information after
passing 2D grating. Choosing appropriate pump power makes that more than one pair of
photon can be neglected. When laser coherently pumps source 1 and source 2, two-photon
state can be expressed as |ψ〉= α |HH〉+β |VV 〉, where the amplitude coefficients α and β
satisfy |α |2+ |β |2 = 1 and determined by the intensity and phase of the pump laser.
The method in Fig. 1(c) is applicable to multi-photon entangled state. For example, on-
chip four-photon GHZ state by path identity is presented in Fig. 1(d). As shown in Fig. 1(d),
a laser coherently pumps sources 1, 2, 3 and 4. The pump power is adjusted so that more than
two pairs of photon can be neglected. Source 1 and source 2 simultaneously generate a pair
of photons repectively. Two photons from source 1 arrive to port a and port c respectively,
while two photons from source reach to port b and port d respectively. Thus, four photons
are emitted in a state |HV HH〉. Similarly for source 3 and source 4, four photons are in a
state |V HVV 〉. Four-photon coincidences can only happen either when the two pairs come
from source 1 and 2 or source 3 and 4. Therefore, four-photon state can be written as
|ψ〉= (|HaHc〉+ |VaHb〉+ |VbHd〉+ |VaVc〉)2
f our− f old−−−−−−→ 1√
2
(|HaVbHcHd〉+ |VaHbVcVd〉,
(2)
where the subscript a,b,c,d indicate the path of photons respectively. In theory, the chip
can be extended to N-photon GHZ state (See Fig. 1(e)) expressed as |ψ〉= 1√
2
(|HHH...〉+
|VVV...〉).
3.2 W state by path identity
W state [26], as a class of Dicke states [41], is more robust to noise. The three-photon W
state can be expressed as |ψ〉 = 1√
3
(|100〉+ |010〉+ |001〉). Even if a photon is lost in a
three-photon W state, the rest of photons keep maximal entanglement. Therefore, W state
has potential applications in quantum communication and quantum networks. In this section,
we propose a class of generalized graphs to generate odd-number-photon W state by path
identity, meanwhile we also put forward an on-chip implementation scheme for three-photon
W state.
For better describing complex optical experiments, Krenn et al. [30] proposed a theory
that maps graph theory to linear optical quantum experiments. Here, we give a graph de-
scription of odd-number W state for the first time. In linear optics, a three-photon W state
can be generated by two pairs of photons (four photons) in which one photon acts as a
trigger. As shown in Fig. 2(a), vertices a, b and c represent three photon paths of W state
respectively while one photon on path d is as trigger.
The three-photon state is the superposition of three orthogonal states |001〉, |010〉 and
|100〉. The three orthogonal states are respectively generated by three processes in right
three graphs of Fig. 2(a) which corresponding to |001〉|1〉, |010〉|1〉 and |100〉|1〉. The first
process is that a pair of photons is in state |00〉 corresponding to port a and port b while the
other pair of photons ise in state |11〉 corresponding to port c and port d. When detector d
fires, the three-photon state is in state |001〉. Similarly, the second process is that a pair of
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Fig. 2: (Color Online) Odd-number W state by path identity. Vertices represent the path of
photons and connected lines are corresponding to nonlinear crystals. Vertices connected by
orange lines denotes state |00〉 and by green lines denotes state |11〉. (a) Graphs of
three-photon W state. (b) Graphs of five-photon W state. (c) Graphs of seven-photon W
state.
photons is in the state |11〉 relating to port a and port c while the other pair of photons is in
state |00〉 relating to the b and d ports. When d detector fires, the three-photon state is |010〉.
The third process is that a pair of photons is in state |00〉 linking to port b and port c while
the other pair of photons is in state |11〉 linking to port a and port d. When detector d fires,
the three-photon state is |100〉. By above three processes, the three-photon W state can be
expressed as follows.
|ψ〉3 = (|0a0b〉+ |0a0c〉+ |0b0c〉++|1a1d〉+ |1b1d〉+ |1c1d〉)2
f our− f old−−−−−−→ 1√
3
(|0a0b1c〉+ |0a1b0c〉+ |1a0b0c〉)|1d〉.
(3)
It is similar to construct five-photon W state (six-fold) and seven-photon W state (eight-
fold) via overlapping one green edge of units (See Fig. 2(b) and (c)). After performing
these processes in Fig. 2(b) and (c), N-photon (N is odd number) W state can be generated,
in which the W state is written as |ψ〉N = 1√
N
(|100 . . .0〉+ |010 . . .0〉+ |001 . . .0〉+ · · ·+
|000 . . .1〉). That is, we give a universal scheme for odd-number-photon W state.
Next, we analyze the generation of W state on photonic chip. In Fig. 3, we show a sim-
ple on-chip implementation of three-photon W state. The multimode interferometer (MMI)
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and Mach-Zehnder interferometer (MZI) are utilized to assist in generating three-photon
W state. The source 4 produces a pair of photons, in which the one goes to port d (one-
dimensional grating, we define output state of d is |Vd〉), and the other one passes through
two MZI interferometers with a one-third probability goes to ports a, b, and c. That is, two-
photon coincidence may occur in ports a and d, or ports b and d, or ports c and d. When
source 2 and source 4 respectively generates a pair of photons at the same time. Two pho-
tons generated by source 2 reach to ports a and b respectively with a quarter probability
(due to the loss of MMI). The other two photons generated by source 4 arrive to ports c and
d respectively with one-third probability. After four-photon coincidence, the output states
in ports a, b, c and d are |HaHbHc〉|Vd〉. Similarly, when source 1 and source 4 respec-
tively generates a pair of photons at the same time, the output states in ports a, b, c and d
are |HaVbHc〉|Vd〉. For sources 3 and sources 4, the output states in ports a, b, c, and d are
|VaHbHc〉|Vd〉. Therefore, we can know that the total probability of above three processes is
one-twelfth. Note here, coherently pumping four two-photon sources and selecting appro-
priate pump power make that the cases of more than two pairs of photons can be neglected.
After post-selecting four-photon coincidence, the final four-photon state can be expressed
as |ψ〉 = 1√
3
(|HaHbVc〉+ |HaVbHc〉+ |VaHbHc〉)|Vd〉. When one photon is detected on port
d , three-photon W state is prepared successfully.
Fig. 3: (Color Online) On-chip implementation of three-photon W state by path identity.
4 Conclusions
In this paper, we deeply study the entanglement by path identity and propose a universal on-
chip scheme for preparing multiphoton entangled states such as GHZ states and W states.
This scheme can be extended to more complicated optical network with two advantages, i.e.
outstanding scalability and stability. Our on-chip scheme can be implemented in existing
technology of integrated optics. Moreover, we present a class of generalized graphs for odd-
number W state by path identity in theory. Our proposed multiphoton-entanglement chip can
be applied to multi-party entanglement distribution in quantum communication networks.
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